Introduction
The removal of attachments and adhesive resin from tooth surfaces without iatrogenic damage is the main objective of bracket debonding. Factors such as the time needed for complete removal and potential damage to the enamel are essential for the clinician. Adhesive removal is necessary to eliminate potential plaque retention and to restore the aesthetic appearance of the enamel surface. Incorrect debonding techniques, such as the use a diamond bur, can cause enamel damage and can be more time-consuming (Zachrisson and Årtun, 1979; Campbell, 1995; Zarinnia et al., 1995; Ireland et al., 2005) .
The amount of enamel loss and residual adhesive on teeth have been reported and discussed in the literature. Several factors, such as the type of adhesive resin and debonding instruments, are related to the amount of enamel loss (Gwinnett and Gorelick, 1977; Retief and Denys, 1979; Zachrisson and Årtun, 1979; Pus and Way, 1980; Diedrich, 1981; Thompson and Way, 1981; Campbell, 1995; Hong and Lew, 1995; Van Waes et al., 1997) .
Enamel loss and adhesive remnants following bracket removal and various clean-up procedures in vitro
SUMMARY This study evaluated the enamel loss and composite remnants after debonding and clean-up. The tested null hypothesis is that there are no differences between different polishing systems regarding removing composite remnants without damaging the tooth surface. Brackets were bonded to 75 extracted human molars and removed after a storage period of 100 hours. The adhesive remnant index (ARI) was evaluated. The clean-up was carried out with five different procedures: 1. carbide bur; 2. carbide bur and Brownie and Greenie silicone polishers; 3. carbide bur and Astropol polishers; 4. carbide bur and Renew polishers; and 5. carbide bur, Brownie, Greenie and PoGo polishers. Silicone impressions were made at baseline (T0) and after debonding (T1) and polishing (T2) to produce plaster replicas. The replicas were analysed with a three-dimensional laser scanner and measured with analytical software. Statistical analysis was performed with the Kruskal-Wallis test and pairwise Wilcoxon tests with Bonferroni-Holm adjustment (a = 0.05).
Enamel breakouts after debonding were detectable in 27 per cent of all cases, with a mean volume loss of 0.02 mm 3 (±0.03 mm 3 ) and depth of 44.9 mm (±48.3 mm). The overall ARI scores was 3 with a few scores of 1 and 2. The composite remnants after debonding had a mean volume of 2.48 mm 3 (±0.92 mm 3 ). Mean volume loss due to polishing was 0.05 mm 3 (±0.26 mm 3 ) and the composite remnants had a mean volume of 0.22 mm 3 (±0.32 mm 3 ). There were no statistically significant differences in volumetric changes after polishing (P = 0.054) between the different clean-up methods. However, sufficient clean-up without enamel loss was difficult to achieve.
Care should be taken when using bond removers and scalers, as excessive force with such instruments can visibly gouge the enamel. The use of a green rubber wheel followed by pumice was recommended by Gwinnett and Gorelick (1977) . However, Zachrisson and Årtun (1979) recommended the use of tungsten carbide burs at low speed followed by pumice and/or polishing cups not only because they caused the finest scratch pattern and the least loss of surface enamel but also due to the superior accessibility to different developmental irregularities and other difficult-toreach areas. The use of a tungsten carbide bur at high speed, finishing with graded medium, fine and superfine Sof-Lex discs at low speed, and a final finishing with a rubber cup and Zircate paste was also recommended by Zarinnia et al. (1995) . Stainless steel finishing burs were found to be the most inefficient for residual resin removal (Zarinnia et al., 1995) . The best method of composite remnant removal after debonding appears to be the low-speed tungsten carbide bur (Oliver and Griffiths, 1992) . Nowadays, the variability of different polishers is high regarding material (silicone carbide, silicone dioxide, or diamond particles). Eventhough analyses regarding polishing capabilities of restorative materials exist (Botta et al., 2009; Marghalani, 2010) , efficiency in removal and protective properties for tooth substance have, to date, not been investigated.
Previous studies have examined enamel loss and surface alterations after debonding by comparing weights (Davis et al., 2002) , using a planer surfometer (Hosein et al., 2004) , profilometry (Eliades et al., 2004; Kim et al., 2007) , and by scanning electron microscopy (Gwinnett and Gorelick, 1977; Retief and Denys, 1979; Oliver and Griffiths, 1992; Zarinnia et al., 1995; Osorio et al., 1998; Brosh et al., 2005; Fjeld and Øgaard, 2006) . As all techniques allow only a small number of measurements per tooth surface, it can be assumed that local enamel defects produced by rotary instruments or residual composite must influence the results (Van Waes et al., 1997) or are not even detected. Moreover, non-flat surfaces are more difficult to analyse. Devices, such as profilometers, optical sensors, or laser scanning devices, must be used. These can adequately quantify volume and vertical loss (Heintze et al., 2006a) . In addition, the laser sensor has some advantages such as speed and simplicity (Heintze et al., 2006a) . The differentiation between enamel loss and adhesive remnants is reliable with three-dimensional (3D) laser scanning techniques (Al Shamsi et al., 2007) . Currently, only a few investigations have quantified enamel loss by laser scanning procedures (Van Waes et al., 1997) and the time required for polishing procedures has therefore been described in only a few studies (Oliver and Griffiths, 1992; Krell et al., 1993) .
The aim of this research was to evaluate different polishing methods for their ability to remove the adhesive remnants without damaging the tooth surface. The working hypothesis was that there was no difference between the tested polishing procedures regarding enamel loss and adhesive remnants.
Materials and methods

Sample preparation
Seventy-five extracted human molars were thoroughly debrided and stored in an aqueous solution of thymol (0.1 per cent) at room temperature to prevent dehydration. Prior to the start of the experiment the teeth were rinsed and randomly assigned to five equal groups of 15 teeth. To simplify matching of the laser scan evaluation on each tooth surface, three small pits were made with a diamond bur as a reference.
Silicone impressions (President microSystem light/ regular body; Coltène/Whaledent AG, Altstätten, Switzerland) were taken of the buccal surfaces of the teeth. Baseline models (T0) were produced in dental stone (Fuji Super Hardrock, GC, Leuven, Belgium) and scanned with the 3D imaging device (Laserscan 3-D Pro; Willytec GmbH, Gräfelfingen, Germany) to establish T0 data (Figure 1a) .
The measuring principle of the scanner device has been explained by Mehl et al. (1997) .
All teeth were then bonded according to the manufacturers' instructions: the buccal enamel was etched for 20 seconds with a 35 per cent phosphoric acid gel (Ultra-Etch; Ultradent Products, South Jordan, Utah, USA), rinsed with water spray for 10 seconds, air-dried for 5 seconds (with oil-free compressed air), and sealed with Transbond Liquid (3M Unitek, Monrovia, California, USA). Transbond XT adhesive (3M Unitek) was placed onto the bracket pad, and the bracket was firmly pressed on the prepared enamel; the excess adhesive was then removed with an explorer. The adhesive was lightcured with an Ortholux XT Visible Light Curing Unit (3M Unitek) for 5 seconds at each side (left and right). The upper second molar brackets used in this study had 0.022 inch slots (Forestadent, Pforzheim, Germany). The teeth were stored in a humid chamber at a temperature of 37°C for 100 hours.
Bracket removal
The brackets were debonded by gently squeezing with Weingart pliers (3M Unitek). A second impression was taken of the buccal surfaces of the teeth after debonding (T1), and replicas were made in dental stone ( Figure 1b) .
The amount of adhesive remaining was determined by visual inspection using the Adhesive Remnant Index (ARI) (Årtun and Bergland, 1984) . 
Clean-up (T2)
The residual adhesive on each tooth in the five groups was removed using one of the five following protocols: group 1, carbide bur ( Figure 2a) ; group 2, carbide bur followed by Brownies and Greenies ( Figure 2b) ; group 3, carbide bur followed by Astropol F, P, and HP polishers ( Figure 2c ); group 4, carbide bur followed by the Renew System ( Figure  2d) ; and group 5, carbide bur followed by Brownies and Greenies and finished with a PoGo polisher (Figure 2e ).
An eight-bladed tungsten carbide finishing bur was used in a low-speed contra-angle handpiece (less than 20 000 rpm) and a new bur was used after 10 teeth in every group. The finishing materials are listed in Table 1 and the finishing procedures in Table 2 .
The polishing was continued until no visible adhesive remnants could be detected. The removal of the remnant adhesive and restoration of the enamel surface to as close as possible to the T0 condition were verified by visual inspection under a dental operating light. The time taken to T2 was recorded in seconds with a digital stopwatch. All bonding, debonding, and clean-up procedures were performed by the same operator (SR).
ENAMEL LOSS AFTER BRACKET REMOVAL
A third impression (T2) was then taken of the surface of every tooth (Figure 1c ).
Surface analysis
A total of 225 models were scanned with the 3D laser scanning instrument by a second operator (BZ) blinded to the test groups. The laser beam had a width of 22 mm and was projected to the surface. The sample was moved in the y-axis by a micro-step motor. This enabled calculation of the surface differences of a defined area respecting different measurement points per sample. The scanned dental stone models were processed and matched using Match-3D software (Stemmer Imaging, Puchheim, Germany). Matching the T1 and T2 models to T0 was achieved by superimposing and aligning the three small pits of the surface that served as defined references. The match was only accepted if the standard deviation was less than 20 mm (Söderholm et al., 2001) . By superimposing two models, the software calculated a digital subtraction and generated a differential image that was used for quantification of the surface alterations. The differential image showed surface alteration by colour mapping that facilitated surface evaluation. The measurements were made by scanning the whole area of interest (bonding interface) for evaluation of volumetric and vertical mean, minimum, and maximum values. It has been shown that this technique has a high reproducibility with a variability of 0.4 per cent for the mean value (Heintze et al., 2006a) and therefore if the matching procedure was accepted, one laser scanning surface measurement per sample was performed.
By matching T1 to T0, the height and volume of composite remnant was recorded (Figure 1d ). If present, enamel defects were recorded in terms of depth of lesion and volume loss. Therefore, the areas of interest analysed from the differential image were selected and separately measured. Comparing the T2 with the T0 models, vertical and volumetric changes in surface geometry were measured (Figure 1e ). However, enamel breakouts that were recorded by superimposing T1 on T0 were always at the margin of the area of interest and excluded from further surface analysis. If defined, composite remnants were left, and the height and volume of the remnants were separately recorded. 
Statistical analysis
The single laser scanning point measurements from one sample were calculated for the selected area of interest and the mean values for alterations of volume and vertical dimension were given by the Match-3D software. The mean values from each sample of the single polishing group were averaged to obtain one mean value. As enamel breakouts and composite remnants after debonding were not related to the polishing groups, they were analysed and descriptive statistics were employed over all samples. Detectable composite remnants after clean-up were measured separately and are only descriptively described. However, they were included in the overall surface measurements after clean-up and taken into account for final statistical analysis. Differences between the clean-up groups were analysed with the Kruskal-Wallis test. Pairwise differences between the test groups were analysed with pairwise Wilcoxon tests with Bonferroni-Holm adjustment. The Spearman correlation coefficient of linear (height/depth) surface alterations and volumetric changes was calculated. The level of significance was set at a = 0.05.
Results
Comparison of T0 and T1 impressions
Enamel defects after debonding were detectable in 27 per cent of the teeth (20 samples). One enamel defect was detected in a sample with ARI score 1 (volume loss −0.13 mm 3 ). Nineteen samples with breakouts had an ARI score of 2 (mean volume loss −0.02 mm 3 ). There were no breakouts in samples with an ARI score of 0 (no samples) and ARI score of 3 (46 samples). The deepest part of thebreakout was −297.8 mm, and mean depth was −44.9 mm (±48.3 mm). Mean volume loss due to enamel breakout was 0.02 mm 3 (±0.03 mm 3 ). Composite remnants after debonding had a mean height of 200.2 mm (±55.3 mm) and a mean volume of 2.48 mm 3 (±0.92 mm 3 ). The mean composite remnant for ARI score 1 (three samples) was 0.62 mm 3 , ARI score 2 (26 samples) 2.23 mm 3 , and ARI score 3 (46 samples) 2.78 mm 3 . Qualitative and quantitative composite remnant determinations were shown to be correlated.
ENAMEL LOSS AFTER BRACKET REMOVAL
Comparison of T0 and T2 impressions
Clear detectable resin remnants were found in 27 per cent of teeth (20 samples) but were not related to the enamel breakouts in T0 measurements. The average of the highest part of the remaining composite was 229.2 mm (±135.6 mm), and the overall average of the remaining composite was 75.3 mm (±52.6 mm). The mean composite volume remnant was 0.22 mm 3 (±0.32 mm 3 ). Although composite remnants were included in the overall surface measurements, larger areas of composite remnants were not equally distributed: clean-up group 1 had three samples with clear detectable resin remnants (volume: 0.12 mm 3 , height: 57.9 mm), group 2 had two samples (0.15 mm 3 , 152.9 mm), group 3 had four samples (0.25 mm 3 , 75.4 mm), group 4 had four samples (86.78 mm 3 , 0.5 mm), and group 5 seven samples (0.10 mm 3 , 54.1 mm). The mean surface change was −4.1 mm (±15.4 mm), and the mean volume change was −0.05 mm 3 (±0.26 mm 3 ). Clean-up time was only minimally influenced by the volume of composite remnants after debonding (Spearman rank correlation coefficient: −0.17). There was no correlation between clean-up time and remaining composite or enamel loss. The results of surface alterations and volume change with different clean-up methods are listed in Tables 3 and 4 and in Figures 3, 4a , and 5. No significant influence of clean-up method on surface alterations was found (P > 0.05, Kruskal-Wallis test) (Figure 3 ). However, this result was borderline (P = 0.054). Evaluating the differences between the clean-up groups with the Wilcoxon test revealed a significant difference between groups 2 and 5 (P = 0.003), whereas the other groups showed no significant differences, although the difference between groups 4 and 5 was almost significant (P = 0.04; but not significant due to Bonferroni correction).
Comparisons of the variances of the different clean-up procedures' total volume loss and composite remnants showed that there were differences, although not significant, between the groups (Figure 4a and 4b) . The least aggressive method for enamel, with minor removal of hard dental substance, was found in group 3. The method in group 1 seemed to be more aggressive. However, all methods left some remaining composite on the tooth surface, with group 5 leaving the most. Spearman correlation showed a clear linear correlation of volume alteration to linear surface alterations (correlation coefficient: 0.95; Figure 6 ).
Comparing the mean times for resin removal showed that using burs only was the fastest method, at 65.9 seconds (±14.0 seconds), followed by the carbide bur combined with the Renew System at 83.6 seconds (±15.5 seconds). When three or more steps were required for polishing, the mean time increased. In group 2, with three steps, it took 121.4 seconds (±23.3 seconds), while in groups 3 and 5, with four steps each, it took 160.0 seconds (±19.5 seconds) and 183.5 seconds (±14.1 seconds), respectively (Table 2) .
Discussion
The aim of this study was to evaluate different polishing methods for their ability to remove adhesive remnants without damaging the tooth surface. A post-cleaning mean enamel loss of 22.8 or 50.5 mm for resin-modified glass ionomer cement or resin-coated adhesive precoated brackets, Table 3 Results of surface changes in micrometres (± standard deviation) for the groups as listed in Table 2 Table 4 Results of volume changes in cubic millimetres (± standard deviation) for the groups as listed in Table 2 . Table 2 . respectively, has been described by Al Shamsi et al. (2007) . Others have reported a mean loss of enamel ranging from 29.5 to 41.2 mm for filled resin (Pus and Way, 1980) . A loss of enamel, of only 5-10 mm, has been reported by Zachrisson and Årtun (1979) . This study achieved a mean enamel loss of 4.1 mm in all samples, and 2.9 mm when burs were combined with polishers, which is considerably less than in other studies. A mean enamel loss of 7.4 mm with a tungsten carbide bur has been described but with lower enamel loss and less damage to the enamel when those burs are used carefully (Van Waes et al., 1997) . In the present study, the mean enamel loss was 7.9 mm when only burs were used for eliminating resin. It seems reasonable that using burs only is more aggressive because it is more difficult to eliminate all the resin with only one bur than gently beginning with burs and finishing with fine polishers. Nevertheless, care with the line angle and cervical areas should be taken when using a tungsten carbide bur for removal of resin (Schuler and Van Waes, 2003) and also the choice of bur (Radlanski, 2001) . Care should also be taken not only at the end of treatment when debonding brackets but also when brackets need to be rebonded during treatment. Remnant adhesive and enamel loss are not consistently distributed over the tooth surfaces (Van Waes et al., 1997; Al Shamsi et al., 2007) . Previous studies appear to have reported average values, and in only one study was the minimum and the maximum on the surfaces reported (1 and 52 mm) (Van Waes et al., 1997) ; the range in the current study was between 43.9 and 619.9 mm for burs only and ranged from 7.7 to 735.2 mm for all samples. Despite gentle removal of the remaining adhesive and subsequent polishing, some scratches and grooves could be observed (Zachrisson and Årtun, 1979; Van Waes et al., 1997) . Clean-up with carbide burs resulted in a high variability of surface alterations. On the one hand, some samples showed a high amount of enamel loss, whereas on the other hand, the overall composite remnants were quite high. As the scanner evaluated the whole surface, it seems reasonable that the scratches and grooves described above led to the present results. The least volume loss was generated by the application of silicone dioxide and diamond particles. This polishing kit, although it did not remove all composite remnants, gave a shiny and smooth surface that was optically evaluated as an accurate clean-up. This polishing system has previously been reported as being successful for composite polishing (Heintze et al., 2006b) . Overall, most composite remnants were detected within group 5. This is notable as this method had one polishing instrument more than that in group 2 with the least amount of composite remnants. This finding may be a result of the added instrument of the PoGo polishers that has small diamond particles and is provided as a single step polisher. Therefore, after a short polishing time, the surface seems lustrous and may not require further polishing, whereas in group 2, the last polisher used was a Greenie silicone carbide polisher. This polisher is prone to leaving remnants in pores of composite and at the margin, making the restorative material easily detectable. Although the manufacturers of the Renew system did not provide further grit and composition information, the abrasive particles appear to be rough. Therefore, the variation in surface loss due to this system might be increased for the same reasons as for the carbide bur.
Although polishing procedures were continued until no visual adhesive remnants could be detected, traces of composite were still observed in 27 per cent of the samples (20 teeth), mainly in T0 present grooves (Hong and Lew, 1995) , but clinically these results would be interpreted as complete composite removal. Furthermore, adequate composite polishing with a high surface gloss may tend to stop the clinician from further polishing.
Deep localized enamel fractures of 100 mm and total enamel loss of 150-160 mm have been described by Diedrich (1981) . The deepest fracture in the present study was 298 mm, which was still in the enamel layer, as bonded surfaces usually have a thickness of 1500-2000 mm ( Thompson and Way, 1981) .
For all practical purposes, the final enamel appearance after debonding should be comparable with the adjacent natural enamel surfaces, dry as well as wet. Examination of the dry appearance is important because reflection and refraction phenomena associated with a wet surface could mask surface irregularities (Zarinnia et al., 1995) .
Care should also be taken regarding the choice of etching time before bonding. More adhesive remaining on the teeth when enamel was etched for 60 versus 15 seconds has been observed by Osorio et al. (1999) . Absolute enamel loss also decreases when enamel is etched for a shorter time (Osorio et al., 1999) . Another study described fewer irreversible changes to the enamel surface after bonding with self-etching adhesives or conditioners with polyacrylic acid in comparison with conventional acid etching and bonding (Fjeld and Øgaard, 2006) . The most popular bonding systems in orthodontics are based on resin composite materials that are attached to the enamel surface according to a micromechanical retention principle. A relatively strong acid, generally 35-40 per cent phosphoric acid, is applied for approximately 30 seconds to clean the surface and partially dissolve the minerals. Bonding brackets to such a surface results in thick resin tags, penetrating relatively deep into the enamel. Alterations in enamel structure can be observed up to 50 mm. Self-etching systems result in smaller and fewer resin tags. The possible higher failure rate of bonding systems based on self-etching primer might be outweighed by the fewer irreversible effects on the enamel structures (Fjeld and Øgaard, 2006) .
Enamel surface structures examined before bonding has shown individual variation, as most surfaces demonstrate the characteristic perichymata seen in young enamel (Zachrisson and Årtun, 1979) . Although enamel breakouts are frequent in untreated teeth, e.g. 25-30 per cent in molars (Zachrisson et al., 1980) , care should also be taken when debonding brackets with pliers, as it was found that 27 per cent of all teeth had enamel breakouts after debonding. Most of the enamel breakouts were flattened after the polishing procedures, but not only did debonding cause irreversible changes to the enamel but removing the remaining resin with the carbide bur also produced deep grooves on the surface. Although polishing reduced the scratches, resulting in a smooth surface, the surface lost perichymata, indicating considerable enamel loss (Zachrisson and Årtun, 1979) .
The time taken for polishing could not be directly compared with other studies (Oliver and Griffiths, 1992; Krell et al., 1993) , as they used different polishing methods. Only in one study (Krell et al., 1993) was a carbide bur alone used for removing resin and polishing under similar conditions. Less time was required in the present study (65.9 ± 14.0 seconds) than described (113.2 ± 14.4 seconds) by Krell et al. (1993) . A mean total time for polishing with a carbide bur, finishing with medium and fine discs and final polishing
